The radiative decay Λ 0 b → Λγ is observed for the first time using a data sample of proton-proton collisions corresponding to an integrated luminosity of 1.7 fb −1 collected by the LHCb experiment at a center-of-mass energy of 13 TeV. Its branching fraction is measured exploiting the B 0 → K Ã0 γ decay as a normalization mode and is found to be BðΛ 0 b → ΛγÞ ¼ ð7.1 AE 1.5 AE 0.6 AE 0.7Þ × 10 −6 , where the quoted uncertainties are statistical, systematic, and systematic from external inputs, respectively. This is the first observation of a radiative decay of a beauty baryon.
The decay Λ 0 b → Λγ proceeds via the b → sγ flavorchanging neutral-current transition. This process is forbidden at tree level in the standard model (SM) and is, therefore, sensitive to new particles entering the loop-level transition, which can modify decay properties. The polarization of the photon in these processes is predicted to be predominantly left-handed in the SM, up to small corrections of the order m s =m b [1] . While precise measurements of branching fractions and charge-parity-violation observables in radiative b -meson decays previously performed at the BABAR, Belle, and LHCb collaborations [2] [3] [4] [5] are in agreement with SM calculations [6] [7] [8] [9] [10] [11] [12] , they do not provide stringent constraints on the presence of righthanded contributions to b → s gamma transitions [13] [14] [15] [16] . Radiative b -baryon decays have never been observed and offer a unique benchmark for measuring the photon polarization due to the nonzero spin of the initial-and finalstate particles [17] . In particular, the Λ 0 b → Λγ decay has been proposed as a suitable mode for the study of the photon polarization, since the helicity of the Λ baryon can be measured, giving access to the helicity structure of the b → sγ transition [18, 19] .
The Λ 0 b → Λγ decay is experimentally challenging to reconstruct. At high-energy hadron colliders, the Λ 0 b decay vertex cannot be determined directly due to the long lifetime of the weakly decaying Λ baryon and the unknown photon direction, when reconstructed as a cluster in the electromagnetic calorimeter. Photons converting to a pair of electrons in the detector material could be used to reconstruct the photon direction but at the cost of a large efficiency loss. This approach was used by the CDF experiment to set the best limit on the branching fraction of this decay, BðΛ 0 b → ΛγÞ < 1.3 × 10 −3 at 90% C.L. [20] . This measurement still leaves ample room for improvement before achieving a sensitivity comparable to the SM prediction of BðΛ 0 b → ΛγÞ, which lies in the range ð6-500Þ × 10 −7 , where the large variation is due to different computations of the Λ 0 b → Λ form factors at the photon pole [21] [22] [23] [24] [25] [26] [27] . A precise measurement of the branching fraction of this decay allows discrimination between different approaches to the form-factor computation and is an important step towards the measurement of the photon polarization in radiative b -baryon decays.
The LHCb experiment provides unique conditions for studying the Λ 0 b → Λγ mode thanks to the large production of Λ 0 b baryons at the LHC [28, 29] and the excellent properties of the detector optimized for the analysis of b -hadron decays. This Letter presents the first observation of the Λ 0 b → Λγ decay, with Λ reconstructed as Λ → pπ − , by the LHCb experiment. The well-known radiative decay B 0 → K Ã0 γ [30] is used as a normalization mode to measure the Λ 0 b → Λγ branching fraction. The data sample used in this Letter corresponds to 1.7 fb −1 of integrated luminosity collected by the LHCb experiment in 13 TeV proton-proton (pp) collisions during 2016. The results were not inspected until all analysis procedures were finalized.
The LHCb detector [31, 32] is a single-arm forward spectrometer covering the pseudorapidity range 2 < η < 5. The detector includes a high-precision tracking system consisting of a silicon-strip vertex detector surrounding the pp interaction region, a large-area silicon-strip detector located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of silicon-strip detectors and straw drift tubes placed downstream of the magnet. The tracking system provides a measurement of the momentum, p, of charged particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at 200 GeV. (Natural units with ℏ ¼ c ¼ 1 are used throughout, so that mass and momentum are measured in units of energy.) The minimum distance of a track to a primary vertex (PV), is measured with a resolution of ð15 þ 29=p T Þ μm, where p T is the component of the momentum transverse to the beam, in GeV. Different types of charged hadrons are distinguished using information from two ring-imaging Cherenkov detectors. Photons, electrons, and hadrons are identified by a calorimeter system consisting of scintillating-pad and preshower detectors, an electromagnetic, and a hadronic calorimeter. Charged and neutral clusters in the electromagnetic calorimeter are separated by extrapolating the tracks reconstructed by the tracking system to the calorimeter plane, while photons and neutral pions are distinguished by cluster shape and energy distributions. For decays with high-energy photons in the final state, such as B 0 → K Ã0 γ, a B 0 mass resolution around 100 MeV is achieved [16, 33] , dominated by the photon energy resolution. The online event selection is performed by a trigger, which consists of a hardware stage, based on information from the calorimeter and muon systems, followed by a software stage, which applies a full event reconstruction.
At the hardware-trigger stage, events are required to have a cluster in the electromagnetic calorimeter with transverse energy E T above a threshold that varies in the range 2.1-3.0 GeV. The software trigger requires at least one charged particle to have transverse momentum p T > 1 GeV and to be inconsistent with originating from any PV. Finally, a vertex is formed with two tracks significantly displaced from any PV and the combination with a high-E T photon is used to identify decays consistent with the signal and normalization modes. In the off-line selection, trigger signals are associated with reconstructed particles. Only events in which the trigger was fired due to the signal candidate are kept.
Simulated events are used to model the effects of the detector acceptance and the imposed selection requirements. In the simulation, pp collisions are generated using PYTHIA [34] with a specific LHCb configuration [35] . Decays of unstable particles are described by EVTGEN [36] , in which final-state radiation is generated using PHOTOS [37] . The interaction of the generated particles with the detector and its response are implemented using the GEANT4 toolkit [38] as described in Ref. [39] . The signal sample is generated with unpolarized Λ 0 b and only a lefthanded photon contribution. The agreement between data and simulation is validated using the Λ 0 b → J=ψpK − , Λ 0 b → J=ψΛ, and B 0 → K Ã0 γ control modes exploiting the selections described in Refs. [40, 41] , and [16] , respectively. The Λ 0 b momentum distribution of all simulated samples involving Λ 0 b decays is corrected for discrepancies between the data and simulation in two-dimensional bins of Λ 0 b momentum and p T , pðΛ 0 b Þ, and p T ðΛ 0 b Þ, using Λ 0 b → J=ψpK − background-subtracted data and simulated candidates.
Signal candidates are reconstructed from the combination of a Λ baryon and a high-energy photon candidate. Good-quality tracks, consistent with the proton and pion hypotheses, with opposite charge and well separated from any PV, are combined to form the Λ candidate. Proton and pion candidates are required to have p T larger than 800 and 300 MeV, respectively. The proton-pion system is required to have an invariant mass in the range of 1110-1122 MeV and to form a good vertex that is well separated from the nearest PV. Only Λ candidates that decay in the highly segmented part of the vertex detector (z < 270 mm) and have a p T larger than 1 GeV are retained for further study. Photons, reconstructed from clusters in the electromagnetic calorimeter, must be consistent with those originating from a neutral particle and have E T > 3 GeV. The photon direction is computed assuming it is produced in the interaction region. The sum of the Λ p T and the photon E T should be larger than 5 GeV. The Λ 0 b four-momentum is obtained as the sum of the Λ and photon candidate fourmomenta. The Λ 0 b transverse momentum is required to be above 4 GeV and its invariant mass within 900 MeV of the known Λ 0 b mass [42] . Since the origin vertex of the photon is not known, the Λ 0 b decay vertex is not reconstructed, and therefore, it is not possible to use its displacement with respect to the PV to separate background coming directly from the pp collision. Instead, the distance of closest approach (DOCA) between the Λ 0 b and Λ trajectories is required to be small, where the former is calculated using the reconstructed momentum and assuming it originates at the PV closest to the Λ trajectory. Candidates for the normalization channel B 0 → K Ã0 γ are reconstructed following similar criteria. In this case, tracks are required to be consistent with the K and π hypotheses, their invariant mass must be within 100 MeV of the known K Ã0 mass [42] , and the B 0 candidate mass is required to be in the range of 4600-6180 MeV.
A boosted decision tree (BDT) [43] , employing the XGBOOST algorithm [44] and implemented through the SCIKIT-learn library [45] , is used to further separate signal from combinatorial background. It is trained on simulated events as proxy to the signal and on data candidates with an invariant mass larger than 6.1 GeV as background. A combination of topological and isolation information is used as input for the classifier, including the transverse momentum and the separation from the PV of the different particles, the separation between the Λ decay vertex and the PV and the DOCA between the two tracks and between the Λ 0 b and Λ trajectories. Background Λ 0 b candidates with extra tracks close to the Λ or photon candidates are rejected using the asymmetry of the sum of momenta of all the tracks present in a cone of 1 rad around the particle direction with respect to its momentum. Such tracks potentially arise from decays with additional particles in the final state that have not been reconstructed when building the Λ 0 b candidate. A twofold technique [46] is used to avoid overtraining and no correlation is observed between the BDT response and the candidate mass. The requirement on the BDT output is optimized using the Punzi figure of merit [47] . The chosen working point provides a background rejection of 99.8% while retaining 33% of the signal candidates. A separate BDT with the same configuration and input variables is trained to select B 0 → K Ã0 γ candidates using simulated candidates as signal and data events in the high-mass sideband as background. In this case, the requirement on the BDT output is optimized by maximizing the signal significance using the known branching fraction for this decay to compute the expected signal yield at each step.
Potential contamination from neutral pions that are reconstructed as a single merged cluster in the electromagnetic calorimeter is suppressed by employing a neural network classifier trained to separate π 0 mesons from photons. This classifier exploits the broader shape of the calorimeter cluster of a π 0 meson with respect to that of a single photon by using as input a set of variables based on the combination of shower shape and energy information from the different calorimeter subsystems [48] .
The invariant-mass distribution of the selected candidates is used to disentangle signal from background through a maximum likelihood fit. The Λ 0 b → Λγ signal component is modeled with a double-tailed Crystal Ball [49] probability density function (PDF), with power-law tails above and below the Λ 0 b mass. The tail parameters are fixed to values determined from simulation while the mean and width of the signal peak are related to those of the B 0 meson using simulation and the mass difference between the Λ 0 b and B 0 hadrons measured by LHCb [50] . Several sources of background are investigated, but only two are found to be significant. The narrow width of the Λ baryon [42] and the clean signature of the high-p T proton allow a pure hadronic selection, reducing the contamination from charged particle misidentification, e.g., coming from K 0 S → π þ π − decays misidentified as Λ → pπ − candidates, to a negligible level. Potentially dangerous backgrounds from decays with a similar topology to the signal and an additional pion have been studied and found to be negli-
, are found to populate an invariant-mass range outside our fit region, and the topologically similar decay Λ 0 b → Λπ 0 is expected to be suppressed due to the absence of QCD penguin contributions in this decay mode [51] . The dominant source of background is formed by combinations of a real Λ baryon with a random photon, referred to as combinatorial background, and is modeled with an exponential PDF with a free decay parameter. A small contamination from Λ 0 b → Λη decays with η → γγ, where one of the photons is not reconstructed, is also expected and is described with the shape determined from simulation. The signal and combinatorial yields are free to float in the fit to data, while the yield of Λ 0 b → Λη is constrained using the known branching fraction [42] and the reconstruction and selection efficiencies determined from simulation.
The mass distribution of B 0 → K Ã0 γ signal candidates is also described by a Crystal Ball function with two powerlaw tails with the parameters obtained from simulated events. The combinatorial component is modeled as an exponential PDF. Partially reconstructed backgrounds, i.e., background decays where one or more particles have not been reconstructed, are copious in this case, mostly originating from the charged meson B þ . Three contributions are accounted for and modeled with shapes obtained from simulation: two inclusive ones encompassing decays where one pion has not been reconstructed, referred to as B → K þ π − πγ, and decays with a neutral pion in the final state and any missing particle, referred to as B → K þ π − π 0 X; and B 0 → K Ã0 η decays, where one of the photons from the η → γγ decay has not been reconstructed. Backgrounds due to particle misidentification are also more abundant in this case, due to the broad width of the K Ã0 meson [42] . Contributions from B 0 s → ϕγ, Λ 0 b → pK − γ, and B 0 → K þ π − π 0 decays are described with the shapes obtained from simulation. The yields of the signal, combinatorial, and inclusive partially reconstructed background are allowed to float in the fit, while those of the B 0 → K Ã0 η, B 0 s → ϕγ, Λ 0 b → pK − γ, and B 0 → K þ π − π 0 decays are fixed to the values obtained from simulation and the measured branching fractions [42, 52] . The fit stability is validated by performing pseudoexperiments with various signal yield hypotheses before proceeding with the final fit to data. It is also checked that the extraction of the signal branching fraction is unbiased for branching fraction hypotheses at least as large as 3 × 10 −6 .
The yield of signal and normalization events is obtained from a simultaneous extended unbinned maximum likelihood fit to data. The ratio of yields is given by the expression
where f Λ 0 b =f B 0 is the ratio of hadronization fractions, B is the branching fraction and ϵ is the combined reconstruction and selection efficiency for the given decay. The latter is obtained from simulation, except for the efficiencies related to charged particle identification requirements, which are determined from calibration samples of Λ → pπ − and D 0 → K − π þ [53] . The results of the simultaneous fit to data candidates are shown in Fig. 1 . The signal yields PHYSICAL REVIEW LETTERS 123, 031801 (2019) are found to be 65 AE 13 and 32670 AE 290 for Λ 0 b → Λγ and B 0 → K Ã0 γ, respectively. The ratio of hadronization and branching fractions is measured to be
where the uncertainty is statistical only. To determine the signal branching fraction, the ratio of hadronization fractions, f Λ 0 b =f B 0 , is computed from the LHCb measurement of this quantity as a function of the p T of the b baryon [29] and from the distribution of p T ðΛ 0 b Þ in the signal simulation. An average over p T of the ratio of hadronization fractions of f Λ 0 b =f B 0 ¼ 0.60 AE 0.05 is obtained for this analysis, where the uncertainty is derived from Ref. [29] . Taking the known branching fractions of the normalization mode and intermediate decays from Ref. [42] , the signal branching fraction is measured to be
where the uncertainty is statistical only.
Using the sPlot [54] technique, the absence of potential remaining backgrounds entering in the signal component is cross-checked. In particular, the invariant mass of the pπ system and the output of the neural network classifier separating π 0 mesons from photons for backgroundsubtracted data candidates are found to be compatible with the expected signal distributions.
The dominant systematic uncertainties are listed in Table I . The largest contribution arises from the limited knowledge of the ratio of hadronization fractions, f Λ 0 b =f B 0 . Potential remaining differences between data and simulation are evaluated by changing the requirement on the BDT output, recomputing the efficiencies, and repeating the mass fit. Further systematic uncertainties come from the limited precision of the input branching fractions, the signal and normalization fit models, the finite simulation samples used to compute the selection efficiencies, and other uncertainties associated to the extraction of the ratio of efficiencies, including the uncertainties on the corrections applied to the simulation and systematic effects on the extraction of the particle identification and hardware trigger efficiencies.
The Λ 0 b → Λγ signal significance is evaluated from a profile likelihood using Wilks' theorem [55] and is confirmed with pseudoexperiments. Including both statistical and systematic uncertainties, the Λ 0 b → Λγ decay is observed with a significance of 5.6σ.
To summarize, a search for the b -baryon flavorchanging neutral-current radiative decay Λ 0 b → Λγ is performed with a data sample corresponding to an integrated luminosity of 1.7 fb −1 collected in pp collisions at a center-of-mass energy of 13 TeV with the LHCb detector. A signal of 65 AE 13 decays is observed with a significance of 5.6σ. This is the first observation of this mode and represents the first step towards the study of the photon polarization in radiative decays of b -baryons with a larger dataset. Exploiting the well-known B 0 → K Ã0 γ mode as a PHYSICAL REVIEW LETTERS 123, 031801 (2019) 031801-4 normalization channel, the branching fraction of the Λ 0 b →Λγ decay is measured for the first time, BðΛ 0 b → ΛγÞ ¼ ð7.1AE1.5AE0.6AE0.7Þ×10 −6 , where the first uncertainty is statistical, the second systematic, and the third is the systematic from external measurements. Our result is in good agreement with the predictions from Refs. [22] , [23] and [27] , which make use of light cone sum rules, the heavy quark limit and the covariant constituent quark model, respectively. A more recent calculation [26] , which relies on the relativistic quark model and is able to predict accurately the integrated BðΛ 0 b → Λμ þ μ − Þ measured by LHCb [56] , is compatible with the rate of Λ 0 b → Λγ, although no uncertainties on this calculation are available. Other predictions [21, 24, 25] are further away from our result, which can be used as input to future revisions.
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